Coherent J/ψ photoproduction in ultra-peripheral Pb–Pb collisions at √ s<sub>NN</sub> = 2.76 TeV by  et al.
 
 
University of Birmingham
Coherent J/ photoproduction in ultra-peripheral
Pb–Pb collisions at   sNN = 2.76 TeV
ALICE Collaboration; Villalobos Baillie, Orlando; Jones, Peter; Barnby, Lee Stuart; Evans,
David; Lietava, Roman; Jusko, Anton; Palaha, Arvinder; Petrov, Plamen; Scott, Patrick; Lee,
Graham; Krivda, Marian; Hanratty, Luke; Matthews, Zoe; Kour, Ravjeet; Navin, Sparsh
DOI:
10.1016/j.physletb.2012.11.059
License:
None: All rights reserved
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
ALICE Collaboration, Villalobos Baillie, O, Jones, P, Barnby, LS, Evans, D, Lietava, R, Jusko, A, Palaha, A,
Petrov, P, Scott, P, Lee, G, Krivda, M, Hanratty, L, Matthews, Z, Kour, R & Navin, S 2013, 'Coherent J/
photoproduction in ultra-peripheral Pb–Pb collisions at  sNN = 2.76 TeV', Physics Letters B, vol. 718, pp. 1273-1283. https://doi.org/10.1016/j.physletb.2012.11.059
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
Physics Letters B 718 (2013) 1273–1283Contents lists available at SciVerse ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Coherent J/ψ photoproduction in ultra-peripheral Pb–Pb collisions
at
√
sNN = 2.76 TeV✩
.ALICE Collaboration
a r t i c l e i n f o a b s t r a c t
Article history:
Received 17 September 2012
Received in revised form 16 November 2012
Accepted 26 November 2012
Available online 5 December 2012
Editor: V. Metag
The ALICE Collaboration has made the ﬁrst measurement at the LHC of J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at
√
sNN = 2.76 TeV. The J/ψ is identiﬁed via its dimuon decay in the forward
rapidity region with the muon spectrometer for events where the hadronic activity is required to be
minimal. The analysis is based on an event sample corresponding to an integrated luminosity of about
55 μb−1. The cross section for coherent J/ψ production in the rapidity interval −3.6 < y < −2.6 is
measured to be dσ cohJ/ψ/dy = 1.00±0.18(stat)+0.24−0.26(syst) mb. The result is compared to theoretical models
for coherent J/ψ production and found to be in good agreement with those models which include nuclear
gluon shadowing.
© 2012 CERN. Published by Elsevier B.V. All rights reserved.Two-photon and photonuclear interactions at unprecedentedly
high energies can be studied in ultra-peripheral heavy-ion colli-
sions (UPC) at the LHC. In such collisions the nuclei are separated
by impact parameters larger than the sum of their radii and there-
fore hadronic interactions are strongly suppressed. The cross sec-
tions for photon induced reactions remain large because the strong
electromagnetic ﬁeld of the nucleus enhances the intensity of the
virtual photon ﬂux, which grows as Z2, where Z is the charge of
the nucleus. The virtuality of the photons is restricted by the nu-
clear form factor to be of the order 1/R ≈ 30 MeV/c (R is the
radius of the nucleus). The physics of ultra-peripheral collisions is
reviewed in [1,2].
Exclusive photoproduction of vector mesons, where a vector
meson but no other particles are produced in the event, is of
particular interest. Exclusive production of J/ψ in photon–proton
interactions, γ + p → J/ψ + p, has been successfully modelled in
perturbative QCD in terms of the exchange of two gluons with
no net-colour transfer [3]. Experimental data on this process from
HERA have been used to constrain the proton gluon-distribution at
low Bjorken-x [4]. Exclusive vector meson production in heavy-ion
interactions is expected to probe the nuclear gluon-distribution [5],
for which there is considerable uncertainty in the low-x region [6].
A J/ψ produced at rapidity y is sensitive to the gluon distribution
at x = (MJ/ψ/√sNN )exp(±y) at hard scales Q 2 ≈ M2J/ψ/4 [7]. The
two-fold ambiguity in x is due to the fact that either nucleus can
serve as photon emitter or photon target. At the forward rapidi-
ties studied here (−3.6 < y < −2.6), the relevant values of x are
≈ 10−2 and ≈ 10−5, respectively.
✩ © CERN for the beneﬁt of the ALICE Collaboration.
Exclusive ρ0 [8] and J/ψ [9] production have been studied in
Au–Au collisions at RHIC. The ρ0 is too light to provide a hard
scale, and the J/ψ analysis suffered from very low statistics, so no
conclusions concerning nuclear shadowing were made from these
studies. Exclusive J/ψ production has also been studied by the CDF
Collaboration in proton–antiproton collisions at the Tevatron [10].
The availability of such measurements has led to an increase in in-
terest in ultra-peripheral collisions, stimulating several new model
calculations.
In this Letter, the ﬁrst LHC results on exclusive photoproduction
of J/ψ vector mesons are presented. J/ψ mesons produced in Pb–
Pb collisions at
√
sNN = 2.76 TeV have been measured at forward
rapidities through their dimuon decay. Exclusive photoproduction
can be either coherent, where the photon couples coherently to all
nucleons, or incoherent, where the photon couples to a single nu-
cleon. Coherent production is characterized by low vector meson
transverse momentum (〈pT〉  60 MeV/c) and the target nucleus
normally does not break up. Incoherent production, corresponding
to quasi-elastic scattering off a single nucleon, is characterized by a
somewhat higher transverse momentum (〈pT〉  500 MeV/c) and
the target nucleus normally breaks up, but except for single nu-
cleons or nuclear fragments in the very forward region no other
particles are produced. This analysis is focussed on coherently pro-
duced J/ψ mesons. The experimental deﬁnition of coherent pro-
duction, which must also take into consideration the ﬁnite detector
resolution, is here pT < 0.3 GeV/c. The measured cross section is
compared to model predictions [5,11–14].
The ALICE detector consists of a central barrel placed inside
a large solenoid magnet (B = 0.5 T), covering the pseudorapid-
ity region |η| < 0.9 [15], and a muon spectrometer covering the
range −4.0 < η < −2.5. The spectrometer consists of a ten inter-
action length (λI ) thick absorber ﬁltering the muons, in front of
0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
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ﬁve tracking stations containing two planes of cathode pad multi-
wire proportional chambers (MWPC) each, with the third station
placed inside a dipole magnet with a
∫
Bdl = 3 Tm integrated ﬁeld.
The forward muon spectrometer includes a triggering system, used
to select muon candidates with a transverse momentum larger
than a given programmable threshold. It has four planes of resis-
tive plate chambers (RPC) downstream of a 1.2 m thick iron wall
(7.2 λI ), which absorbs secondary punch-through hadrons from the
front absorber and low momentum muons from π and K weak
decays. This analysis uses the VZERO counters for triggering and
event selection. These consist of two arrays of 32 scintillator tiles
each, covering the range 2.8 < η < 5.1 (VZERO-A, on the opposite
side of the muon arm) and −3.7 < η < −1.7 (VZERO-C) and posi-
tioned at z = 329 cm and z = −87 cm from the interaction point,
respectively. Finally, two sets of hadronic Zero-Degree Calorime-
ters (ZDCs) are located at 116 m on either side of the Interaction
Point. These detect neutrons emitted in the very forward region,
for example neutrons emitted following electromagnetic dissocia-
tion [16].
The analysis presented in this publication is based on a sample
of events collected during the 2011 Pb–Pb run, selected with a spe-
cial trigger (FUPC) set up to select UPC events in which a dimuon
pair is produced within the acceptance of the detector. The inte-
grated luminosity corresponds to about 55 μb−1.
The purpose of the FUPC trigger is to select events containing
two muons from two-photon production (γ γ → μ+μ−) or from
J/ψ decay, and it requires the following event characteristics:
(i) a single muon trigger above a 1 GeV/c pT-threshold;
(ii) at least one hit in the VZERO-C detector since the muon
spectrometer covers most of its pseudorapidity acceptance. In
addition, VZERO-C vetoes the remaining upstream beam-gas
events which could produce a trigger in the muon arm;
(iii) no hits in the VZERO-A detector to reject hadronic collisions.
A total of 3.16× 106 events were selected by the FUPC trigger.
The oﬄine event selection used in a previous J/ψ analysis [17]
was modiﬁed to account for the typical experimental signatures of
ultra-peripheral processes, i.e. only two tracks in the spectrometer
and very low J/ψ transverse momentum. The following selection
criteria were applied (number of remaining events after the selec-
tion):
(i) two reconstructed tracks in the muon arm (432,422 events);
(ii) owing to the multiple scattering in the front absorber, the
DCA (distance between the vertex and the track extrapo-
lated to the vertex transverse plane) distribution of the tracks
coming from the interaction vertex can be described by a
Gaussian function, whose width depends on the absorber
material and is proportional to 1/p, where p is the muon
momentum. The beam induced background does not follow
this trend, and was rejected by applying a cut on the prod-
uct p × DCA, at 6 times the standard deviation of the dis-
persion due to multiple scattering and detector resolution.
The additional dispersion due to the uncertainty on the ver-
tex position (not measurable in UPC events) is negligible in
comparison and does not affect the value of the cut (26,958
events);
(iii) at least one of the muon track candidates were required to
match a trigger track above the 1 GeV/c pT-threshold in the
spectrometer trigger chambers (10,172 events);
(iv) both tracks pseudorapidities within the range −3.7 < η1,2 <
−2.5, to match the VZERO-C acceptance (5100 events);
(v) the tracks exit from the absorber in the range 17.5 cm <
Rabs < 89.5 cm, delimiting the two homogeneous parts of the
Table 1
Summary of the contributions to the systematic uncertainty for
the integrated J/ψ cross section measurement. The error for the
coherent signal extraction includes the systematic error in the ﬁt
of the invariant mass spectrum and the systematic errors on f D
and f I , as described in the text.
Source Value
Theoretical uncertainty in σγγ 20%
Coherent signal extraction +9−14%
Reconstruction eﬃciency 6%
RPC trigger eﬃciency 5%
J/ψ acceptance calculation 3%
Two-photon e+e− background 2%
Branching ratio 1%
Total +24−26%
absorber covering the angular acceptance of the spectrometer
(Rabs is the radial coordinate of the track at the end of the
front absorber) (5095 events);
(vi) dimuon rapidity to be in the range −3.6 < y < −2.6, which
ensured that the edges of the spectrometer acceptance were
avoided (4919 events);
(vii) two tracks with opposite charges (3209 events);
(viii) only events with a neutron ZDC signal below 6 TeV on each
side were kept. In the present data sample, this cut does not
remove any events with a J/ψ produced with a transverse
momentum below 0.3 GeV/c, but reduces hadronic contami-
nation at higher pT (817 events);
(ix) dimuons to have pT < 0.3 GeV/c and invariant mass 2.8 <
Minv < 3.4 GeV/c2 (122 events);
(x) VZERO oﬄine timing compatible with crossing beams (117
events).
The acceptance and eﬃciency of J/ψ-reconstruction were calcu-
lated using a large sample of coherent and incoherent J/ψ events
generated by STARLIGHT [18] and folded with the detector Monte
Carlo simulation. STARLIGHT simulates photonuclear and two-
photon interactions at hadron colliders. The simulations for ex-
clusive vector meson production and two-photon interactions are
based on the models in [11] and [19], respectively.
The residual misalignment and the time-dependent conditions
of the tracking and trigger chamber components were taken into
account in these simulations. The trigger chamber eﬃciencies were
computed from the data and used in the global eﬃciency calcula-
tion. A separate simulation was performed for each run, in order to
take into account the slight variations in run conditions during the
data taking. The product of the acceptance and eﬃciency correc-
tions (Acc× ε)J/ψ was calculated as the ratio of the number of the
simulated events that satisfy the event selection in Table 1 to the
number of generated events within −3.6 < y < −2.6. The ﬁnal val-
ues for the combined acceptance and eﬃciency were found to be
16.6% and 14.3% for coherent and incoherent J/ψ , respectively. The
relative systematic error coming from the uncertainties on the trig-
ger chamber eﬃciencies used in these simulations amounts to 4%.
In addition, the muon reconstruction eﬃciency has been evaluated
both in data and simulations, in a way similar to that described in
[17], and a 6% relative systematic uncertainty on the (Acc × ε)J/ψ
corrections was assigned to account for the observed differences.
In order to evaluate the systematic error on the acceptance
coming from the generator choice, the acceptance was computed
from a parameterization of the results on coherent J/ψ production
in [5]. It was also calculated by modifying the rapidity distribution
in STARLIGHT and letting it vary between a ﬂat distribution and
a distribution consistent with the model with the steepest slope
ALICE Collaboration / Physics Letters B 718 (2013) 1273–1283 1275Fig. 1. Invariant mass distribution for events with exactly two oppositely charged muons satisfying the event selection described in the text.(AB-MSTW08, see below for deﬁnition) over the range −3.6 < y <
−2.6. The differences in acceptance between the methods were
below 3%, which was taken into account in the systematic er-
ror calculation. It is assumed in these calculations that the J/ψ
is transversely polarized. Transverse polarization is expected for a
quasi-real photon from s-channel helicity conservation. This has
been conﬁrmed experimentally for exclusive J/ψ production in
γ + p → J/ψ + p interactions [20,21] and for exclusive ρ0 pho-
toproduction in heavy-ion collisions [8]. Owing to the low pT of
the J/ψ , the calculations are insensitive to the choice of reference
frame (here the helicity frame was used), and the polarization axis
effectively coincides with the beam axis.
Activity in the central barrel was checked for events with in-
variant mass in the range 2.8 < Minv < 3.4 GeV/c2. No events with
more than one tracklet in the Si-Pixel (SPD) detector were found.
The events with one tracklet (6 out of 117) were not removed, as
this level of activity is consistent with the background from ran-
dom combinations of noise hits.
The invariant mass distribution for opposite sign (OS) muon
pairs with 2.2 < Minv < 4.6 GeV/c2 is shown in Fig. 1. A J/ψ peak
is clearly visible in the spectrum, on top of a continuum coming
from γ γ → μ+μ− . Only two like-sign dimuon pairs are in the in-
variant mass range 2.2 < Minv < 4.6 GeV/c2, at 2.3 GeV/c2 and
2.8 GeV/c2. The combinatorial background is therefore estimated
to be  2% at 90% conﬁdence level in the invariant mass range
2.8 < Minv < 3.4 GeV/c2.
The J/ψ yield was obtained by ﬁtting the dimuon invariant
mass spectrum in the range 2.2 < Minv < 4.6 GeV/c2 with an
exponential function to describe the underlying continuum, and
a Crystal Ball function [22] to extract the J/ψ signal. The Crys-
tal Ball tail parameters (αCB and n) were ﬁxed to values ob-
tained from simulations. The central mass value from the ﬁt is
3.123 ± 0.011 GeV/c2, which is within 2.4σ (0.8%) of the known
value of the J/ψ mass and compatible with the absolute calibration
accuracy of the muon spectrometer. The width, 84 ± 14 MeV/c2,
is in agreement with the Monte Carlo simulations. The extracted
number of J/ψs is Nyield = 96 ± 12(stat) ± 6(syst). The systematic
error on the yield (6%) was obtained by varying the Crystal Ball
tail parameters. The exponential slope parameter of the continuum
is −1.4 ± 0.2 GeV/c2 in good agreement with the correspond-
ing Monte Carlo expectation (−1.39± 0.01 GeV/c2). This, together
with the fact that the pT distribution is consistent with the expec-
tations from STARLIGHT, is an additional indication that there is no
unexpected background in the invariant mass range considered.
The fraction f D of the J/ψ mesons coming from the decay of
ψ ′ → J/ψ + anything was estimated by simulating a sample of
coherently produced ψ ′s with STARLIGHT, using PYTHIA [23] to
simulate their decay into J/ψ . The detector response was simulated
as described above. The contribution from incoherently produced
ψ ′ is expected to give a negligible contribution for pT < 0.3 GeV/c
and was not considered. Unlike the directly produced J/ψ dis-
cussed above, the polarization of J/ψs coming from ψ ′ decays
cannot easily be predicted, since the polarization of the original
ψ ′ can be shared between the J/ψ and the other daughters in dif-
ferent ways. The ψ ′ decay was therefore simulated by assuming
the following J/ψ polarizations: (i) no polarization (NP), (ii) full
transverse (T), and (iii) full longitudinal (L). The J/ψ fraction com-
ing from ψ ′ decay for a given polarization P , f PD can be written
as:
f PD =
σψ ′ · BR(ψ ′ → J/ψ + anything) · (Acc× ε)Pψ ′→J/ψ
σJ/ψ · (Acc× ε)J/ψ , (1)
where the (Acc × ε)J/ψ and (Acc × ε)Pψ ′→J/ψ were computed for
pT < 0.3 GeV/c.
According to STARLIGHT, the ratio between the ψ ′ and J/ψ co-
herent photoproduction cross sections is 0.19 giving f N PD = 11.9%,
f TD = 9.3%, f LD = 16.8%. The cross sections ratio is signiﬁcantly
lower in the pQCD inspired model [5], 0.087. This changes the
above fraction, giving f N PD = 5.5%, f TD = 4.3%, f LD = 7.9%. The esti-
mates for f D thus range from 4.3% to 16.8%. The best estimate was
taken as the middle of this range with the extremes providing the
lower and upper limits, giving f D = (11± 6)%.
The dimuon pT distribution integrated over 2.8 < Minv <
3.4 GeV/c2 is presented in Fig. 2. The clear peak at low pT is
mainly due to coherent interactions, while the tail extending out
to 0.8 GeV/c comes from incoherent production. In addition, the
high-pT region may still contain a few hadronic events, which
makes it diﬃcult to extract the incoherent photoproduction cross
section from these data. To estimate the fraction ( f I ) of incoher-
ent over coherent events in the region pT < 0.3 GeV/c, the ratio
σinc/σcoh, weighted by the detector acceptance and eﬃciency for
the two processes, was calculated, giving f I = 0.12 when σinc/σcoh
was taken from STARLIGHT, and f I = 0.08 when the model in
[5] was used. Four different functions were used to describe the
pT spectrum: coherent and incoherent photoproduction of J/ψ ,
J/ψ from ψ ′ decay, and two-photon production of continuum
pairs. The shapes for the ﬁtting functions (Monte Carlo templates)
1276 ALICE Collaboration / Physics Letters B 718 (2013) 1273–1283Fig. 2. Dimuon pT distribution for events satisfying the event selection described in the text. The data points are ﬁtted summing four different Monte Carlo templates:
coherent J/ψ production (dashed – blue), incoherent J/ψ production (dotted – red), J/ψs from ψ ′ decay (dash-dotted – violet), and γ γ → μ+μ− (dash-dotted – green).
The solid histogram (black) is the sum. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this Letter.)were provided by STARLIGHT events folded with the detector sim-
ulation. The relative normalization was left free for coherent and
incoherent photoproduction. The contribution from the ψ ′ was
constrained from estimate above ( f D = (11 ± 6)%), and the two-
photon contribution was determined from the ﬁt of the continuum
in Fig. 1. In the ﬁt, the incoherent process is constrained mainly in
the region 0.5 < pT < 0.8 GeV/c, where the other three processes
are negligible. As this pT region (not used in the J/ψ signal extrac-
tion) is likely to suffer from some hadronic background, the ﬁt can
only provide an upper limit on f I . The result is f I = 0.26 ± 0.05,
about a factor 2 larger than the estimate from the theoretical mod-
els quoted above. We conclude by taking the middle value of the
two calculations and the ﬁt as the best estimate of f I , and the
other two results as lower and upper limits, respectively, giving
f I = 0.12+0.14−0.04.
The fact that the Monte Carlo templates describe the pT distri-
bution well in the range 0.0 < pT < 0.8 GeV/c conﬁrms that there
is no strong contamination from hadronic production in the event
sample. An upper limit on the contribution from hadronic interac-
tions can be obtained by considering events with pT > 1.0 GeV/c,
where the contribution from incoherent photoproduction is very
small. For hadronic J/ψ production it is known from the parame-
terization in Ref. [24] that (including the acceptance and eﬃciency
corrections) 82% of the yield is above pT > 1.0 GeV/c, while only
2% is below pT < 0.3 GeV/c. If one conservatively assumes that
the 32 events in the data sample with pT > 1.0 GeV/c are all
from hadronic production, the expected yield from hadronic inter-
actions below pT < 0.3 GeV/c can be estimated to be (0.02/0.83) ·
32 = 0.8 events. This is thus less than a 1% contamination. A sim-
ilar estimate can be obtained by scaling the measured cross sec-
tion for J/ψ production in Pb–Pb collisions [17] with the num-
ber of binary collisions assuming that all events with 80–100%
centrality survive the event selection (a very conservative as-
sumption). The conclusion is thus that the contamination from
hadronic interactions is negligible and no correction need be ap-
plied for it.
Finally, the total number of coherent J/ψs is calculated from
the yield extracted from the ﬁt to the invariant mass distribution
by
NcohJ/ψ =
Nyield
1+ f I + f D , (2)
resulting in NcohJ/ψ = 78± 10(stat)+7−11(syst).
The coherent J/ψ differential cross section is given by:
dσ cohJ/ψ
dy
= N
coh
J/ψ
(Acc× ε)J/ψ · trig · BR(J/ψ → μ+μ−) ·Lint · y ,
(3)
where NcohJ/ψ is the number of J/ψ candidates from Eq. (2),
(Acc × ε)J/ψ corresponds to the acceptance and eﬃciency of the
muon spectrometer, as discussed above, and trig is the VZERO
trigger eﬃciency. BR(J/ψ → μ+μ−) = 5.93% is the branching ra-
tio for J/ψ decay into muons [25], y = 1 the rapidity interval
bin size, and Lint the total integrated luminosity. During the 2011
Pb–Pb run the VZERO detector was optimized for the selection of
hadronic Pb–Pb collisions, with a threshold corresponding to an
energy deposit above that from a single minimum ionizing parti-
cle (MIP). The distribution of the signal produced by a MIP crossing
the 2 cm thick VZERO scintillator has a Landau shape. To get an
accurate simulation of the eﬃciency for low multiplicity events
with this threshold setting, would require an almost perfect repro-
duction of the Landau by the MC simulation. Therefore we used
the QED continuum pair production for the normalization and not
Eq. (3).
In addition to exclusive J/ψ , the FUPC trigger selected γ γ →
μ+μ− events, which are very similar to coherent J/ψ decays in
terms of kinematics and associated event characteristics. This re-
action is a standard QED process, which in principle can be calcu-
lated with high accuracy. The fact that the photon coupling to the
nuclei is Z
√
α (with Z = 82 here) rather than just √α increases
the uncertainty of the contribution from higher order terms. Pre-
dictions exist where this effect is negligible [26]. However, other
studies obtained a 16% reduction in the cross section from higher
order terms in Pb–Pb collisions at the LHC [27]. There is also
an uncertainty associated with the minimum momentum trans-
fer and the nuclear form factor [28]. Two-photon production of
μ+μ−-pairs from STARLIGHT was used to determine the trigger
eﬃciency [19]. The cross sections from STARLIGHT for two-photon
production of e+e− and μ+μ− pairs have previously been com-
pared with results from STAR [29] and PHENIX [9], respectively.
The predictions from STARLIGHT have been found to be in good
agreement with the experimental results. These results, however,
have uncertainties of about 25 to 30%. In the absence of high
precision measurements constraining the model, and taking into
account the outstanding theoretical issues mentioned above, the
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uncertainty in the STARLIGHT two-photon cross section is esti-
mated to be 20%.
The cross section for γ γ → μ+μ− can be written in a similar
way to Eq. (3) and the ratio of the two is independent of luminos-
ity and of the trigger eﬃciency:
dσ cohJ/ψ
dy
= 1
BR(J/ψ → μ+μ−) ·
NcohJ/ψ
Nγ γ
· (Acc× ε)γ γ
(Acc× ε)J/ψ ·
σγγ
y
, (4)
where Nγ γ was obtained by counting the number of events in
the invariant mass intervals 2.2 < Minv < 2.6 GeV/c2 (Nγ γ = 43±
7(stat)) and 3.5 < Minv < 6 GeV/c2 (Nγ γ = 15 ± 4(stat)), to avoid
contamination from the J/ψ peak. To determine σγγ STARLIGHT
[19] was used. The cross section for dimuon invariant mass be-
tween 2.2 < Minv < 2.6 GeV/c2 or 3.5 < Minv < 6 GeV/c2, dimuon
rapidity in the interval −3.6 < y < −2.6, and each muon satis-
fying −3.7 < η1,2 < −2.5 is σγγ = 17.4 μb (σγγ = 13.7 μb and
σγγ = 3.7 μb for the low and high invariant mass intervals, re-
spectively). The (Acc × ε)γ γ for events satisfying the same selec-
tion was calculated using events from STARLIGHT folded with the
detector simulation as described above. The data cuts applied to
the Monte Carlo sample were the same as those applied for the
J/ψ data analysis, resulting in a (Acc × ε)γ γ of 42.1% (37.9% for
2.2 < Minv < 2.6 GeV/c2 and 57.5% for 3.5 < Minv < 6 GeV/c2).
A possible source of ineﬃciency comes from correlated QED
pair production, i.e. interactions which produce both a J/ψ and a
low mass e+e−-pair (the latter has a very large cross section), with
one of the electrons hitting the VZERO-A detector and thus vetoing
the event. This effect was studied with data, in a sample collected
with comparable luminosity by a control trigger, requiring a coin-
cidence of at least two muons in the muon arm trigger with hits
in both the VZERO-A and VZERO-C. Two J/ψ events were found
in this sample, giving an upper limit on the ineﬃciency smaller
than 2%.
Since the kinematic distributions of the muons from J/ψ de-
cays and γ γ processes are different, the systematic uncertainties
on the corresponding (Acc × ε) corrections coming from the un-
certainties on the muon trigger and reconstruction eﬃciencies do
not exactly cancel out in Eq. (4). In order to account for this effect,
a 50% correlation factor has been estimated, conservatively, when
computing the systematic uncertainty on the ratio. The sources
of the systematic error are summarized in Table 1. The ﬁnal re-
sult is a differential cross section for coherent J/ψ production of
dσ cohJ/ψ/dy = 1.00± 0.18(stat)+0.24−0.26(syst) mb.
The cross section is compared with calculations from various
models [5,11–14] in Fig. 3. The differences between the models
come mainly from the way the photonuclear interaction is treated.
The predictions can be divided into three categories:
i) those that include no nuclear effects (AB-MSTW08, see below
for deﬁnition). In this approach, all nucleons contribute to the
scattering, and the forward scattering differential cross sec-
tion, dσ/dt at t = 0 (t is the momentum transfer from the
target nucleus squared), scales with the number of nucleons
squared, A2;
ii) models that use a Glauber approach to calculate the number of
nucleons contributing to the scattering (STARLIGHT, GM, and
CSS). The reduction in the calculated cross section depends on
the total J/ψ-nucleon cross section;
iii) partonic models, where the cross section is proportional to the
nuclear gluon distribution squared (AB-EPS08, AB-EPS09, AB-
HKN07, and RSZ-LTA).
STARLIGHT uses the latest HERA data on exclusive J/ψ pro-
duction in photon–proton interactions [20,21] as input to calcu-
Fig. 3. Measured coherent differential cross section of J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at
√
sNN = 2.76 TeV. The error is the quadratic sum of
the statistical and systematic errors. The theoretical calculations described in the
text are also shown. The rapidity distributions are shown in a), b) shows the cross
section integrated over −3.6 < y < −2.6, and c) shows the ratio of the cross sec-
tions in the rapidity intervals −3.1 < y < −2.6 and −3.6 < y < −3.1. The dashed
lines in the lower two plots indicate the three model categories discussed in the
text.
late the corresponding photon-nucleus cross section. The model
by Goncalves and Machado (GM) [13] calculates the J/ψ-nucleon
cross section from the Color Dipole model, whereas Cisek, Szczurek,
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and Schäfer (CSS) [14] use the essentially equivalent k⊥-factor-
ization approach. The difference of about 25% between the two
calculations is due to different treatment of the nucleon gluon
distribution at low x (gluon saturation), and the way in which it
affects the dipole-nucleon cross section.
Calculations by Adeluyi and Bertulani (AB) [12] and by Re-
byakova, Strikman, and Zhalov (RSZ) [5] are based on perturbative
QCD. The calculations by Rebyakova et al. use a cross section for
exclusive J/ψ photoproduction on a proton target calculated from
leading order perturbative QCD within the leading log approxima-
tion. The calculations use the integrated gluon density distribution
in the proton determined by the Durham-PNPI group from data on
exclusive J/ψ production at HERA [4]. The modiﬁcation to the nu-
clear gluon distribution has been calculated in the Leading Twist
Approximation [30] and is based on using the DGLAP evolution
equations and the HERA diffractive parton density distributions.
Adeluyi and Bertulani constrain the nucleon parton distribu-
tions to be consistent with data on exclusive vector meson produc-
tion in photon–proton interactions. The photonuclear cross section
is then calculated using different standard parameterizations of the
nuclear gluon distribution functions (EPS08, EPS09, and HKN07).
For comparison, they also performed calculations where the con-
strained nucleon gluon distribution function is scaled with the
number of nucleons without shadowing or other nuclear effects
(AB-MSTW08).
In the region of interest here, −3.6 < y < −2.6, the sensitivity
to shadowing is reduced compared with that at mid-rapidity. Away
from mid-rapidity, there is a two-fold ambiguity in the photon en-
ergy and the momentum transfer from the nucleus acting as pho-
ton target. For example, a J/ψ produced at y = 3 corresponds to
a photon–proton centre-of-mass energy of either Wγ p = 414 GeV
or Wγ p = 21 GeV. These two energies in turn correspond to val-
ues of x of about 5×10−5 and 2×10−2, respectively. According to
STARLIGHT interactions with Wγ p = 21 GeV contribute 94% of the
cross section, while events with Wγ p = 414 GeV contribute only
6%. The total dσ cohJ/ψ/dy at y = 3 is therefore mainly sensitive to
the gluon distribution around x = 2× 10−2.
The measured cross section, dσ cohJ/ψ/dy = 1.00 ±
0.18(stat)+0.24−0.26(syst) mb, is compared with the model predictions
in Fig. 3 a). Fig. 3 b) shows a comparison of the cross section
integrated over the range −3.6 < y < −2.6. The models with
largest deviations from the measured value are STARLIGHT and
AB-MSTW08, which both deviate by about 3 standard deviations
if the statistical and systematic errors are added in quadrature.
Best agreement (within one standard deviation) is seen for the
models RSZ-LTA, AB-EPS09, and AB-EPS08, which include nuclear
gluon shadowing. A further check can be performed by dividing
the rapidity interval in two and determining the ratio of the cross
sections in each interval. This has the advantage that some parts
of the systematic errors cancel, and the dominant remaining er-
ror is the statistical error. The result is R = σ(−3.1 < y < −2.6)/
σ (−3.6 < y < −3.1) = 1.36 ± 0.36(stat) ± 0.19(syst). The system-
atic error includes the uncertainties in the signal extraction and
in the trigger and reconstruction eﬃciency. The measured ratio
is compared with that from the models in Fig. 3 c). The only
models which deviate by more than one standard deviation are
AB-MSTW08 and AB-HKN07 (1.7 and 1.5 standard deviations, re-
spectively).
In summary, the ﬁrst LHC measurement on exclusive photo-
production of J/ψ in Pb–Pb collisions at
√
sNN = 2.76 TeV has
been presented and compared with model calculations. The AB-
MSTW08 model, which assumes that the forward scattering cross
section scales with the number of nucleons squared, disagrees
with the measurement, both for the value of the cross section
and for the ratio of the two rapidity intervals, and is strongly
disfavoured. STARLIGHT deviates by nearly three standard devia-
tions in the cross section and is also disfavoured. Best agreement
is found with models which include nuclear gluon shadowing
consistent with the EPS09 or EPS08 parameterizations (RSZ-LTA,
AB-EPS09, and AB-EPS08).
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B. Potukuchi cd, S.K. Prasad dp, R. Preghenella cq,j, F. Prino ct, C.A. Pruneau dp, I. Pshenichnov as, G. Puddu v,
A. Pulvirenti y, V. Punin ck, M. Putiš aj, J. Putschke dp, E. Quercigh ae, H. Qvigstad s, A. Rachevski cu,
A. Rademakers ae, T.S. Räihä am, J. Rak am, A. Rakotozaﬁndrabe l, L. Ramello ab, A. Ramírez Reyes i,
R. Raniwala ce, S. Raniwala ce, S.S. Räsänen am, B.T. Rascanu ba, D. Rathee ca, K.F. Read di, J.S. Real bm,
K. Redlich bs,bf, R.J. Reed dq, A. Rehman p, P. Reichelt ba, M. Reicher at, R. Renfordt ba, A.R. Reolon bn,
A. Reshetin as, F. Rettig ak, J.-P. Revol ae, K. Reygers cf, L. Riccati ct, R.A. Ricci bo, T. Richert ad, M. Richter s,
P. Riedler ae, W. Riegler ae, F. Riggi y,cv, M. Rodríguez Cahuantzi a, A. Rodriguez Manso bv, K. Røed p,s,
D. Rohr ak, D. Röhrich p, R. Romita ci, F. Ronchetti bn, P. Rosnet bl, S. Rossegger ae, A. Rossi ae,z, P. Roy cm,
C. Roy bg, A.J. Rubio Montero h, R. Rui w, R. Russo t, E. Ryabinkin cl, A. Rybicki da, S. Sadovsky ar,
K. Šafarˇík ae, R. Sahoo ap, P.K. Sahu aw, J. Saini dm, H. Sakaguchi an, S. Sakai bp, D. Sakata dk, C.A. Salgado n,
J. Salzwedel q, S. Sambyal cd, V. Samsonov by, X. Sanchez Castro bg, L. Šándor av, A. Sandoval be, S. Sano dj,
M. Sano dk, R. Santoro ae,j, J. Sarkamo am, E. Scapparone cq, F. Scarlassara z, R.P. Scharenberg cg,
C. Schiaua bt, R. Schicker cf, H.R. Schmidt dl, C. Schmidt ci, S. Schreiner ae, S. Schuchmann ba, J. Schukraft ae,
T. Schuster dq, Y. Schutz ae,cy, K. Schwarz ci, K. Schweda ci, G. Scioli u, E. Scomparin ct, R. Scott di,
G. Segato z, I. Selyuzhenkov ci, S. Senyukov bg, J. Seo ch, S. Serci v, E. Serradilla h,be, A. Sevcenco ay,
A. Shabetai cy, G. Shabratova bh, R. Shahoyan ae, S. Sharma cd, N. Sharma ca,di, S. Rohni cd, K. Shigaki an,
K. Shtejer g, Y. Sibiriak cl, M. Siciliano t, E. Sicking ae, S. Siddhanta cw, T. Siemiarczuk bs, D. Silvermyr bx,
C. Silvestre bm, G. Simatovic bd,cj, G. Simonetti ae, R. Singaraju dm, R. Singh cd, S. Singha dm, V. Singhal dm,
T. Sinha cm, B.C. Sinha dm, B. Sitar ah, M. Sitta ab, T.B. Skaali s, K. Skjerdal p, R. Smakal ai, N. Smirnov dq,
R.J.M. Snellings at, C. Søgaard bu,ad, R. Soltz bq, H. Son r, J. Song ch, M. Song dt, C. Soos ae, F. Soramel z,
I. Sputowska da, M. Spyropoulou-Stassinaki cb, B.K. Srivastava cg, J. Stachel cf, I. Stan ay, I. Stan ay,
G. Stefanek bs, M. Steinpreis q, E. Stenlund ad, G. Steyn cc, J.H. Stiller cf, D. Stocco cy, M. Stolpovskiy ar,
P. Strmen ah, A.A.P. Suaide dd, M.A. Subieta Vásquez t, T. Sugitate an, C. Suire aq, R. Sultanov au,
M. Šumbera bw, T. Susa cj, T.J.M. Symons bp, A. Szanto de Toledo dd, I. Szarka ah, A. Szczepankiewicz da,ae,
A. Szostak p, M. Szyman´ski do, J. Takahashi de, J.D. Tapia Takaki aq, A. Tarantola Peloni ba,
A. Tarazona Martinez ae, A. Tauro ae, G. Tejeda Muñoz a, A. Telesca ae, C. Terrevoli ac, J. Thäder ci,
D. Thomas at, R. Tieulent df, A.R. Timmins dg, D. Tlusty ai, A. Toia ak,z,cp, H. Torii dj, L. Toscano ct,
V. Trubnikov b, D. Truesdale q, W.H. Trzaska am, T. Tsuji dj, A. Tumkin ck, R. Turrisi cp, T.S. Tveter s,
J. Ulery ba, K. Ullaland p, J. Ulrich bj,az, A. Uras df, J. Urbán aj, G.M. Urciuoli cr, G.L. Usai v, M. Vajzer ai,bw,
M. Vala bh,av, L. Valencia Palomo aq, S. Vallero cf, P. Vande Vyvre ae, M. van Leeuwen at, L. Vannucci bo,
A. Vargas a, R. Varma ao, M. Vasileiou cb, A. Vasiliev cl, V. Vechernin dn, M. Veldhoen at, M. Venaruzzow,
E. Vercellin t, S. Vergara a, R. Vernet f, M. Verweij at, L. Vickovic cz, G. Viesti z, Z. Vilakazi cc,
O. Villalobos Baillie cn, Y. Vinogradov ck, A. Vinogradov cl, L. Vinogradov dn, T. Virgili aa, Y.P. Viyogi dm,
A. Vodopyanov bh, K. Voloshin au, S. Voloshin dp, G. Volpe ae, B. von Haller ae, D. Vranic ci, J. Vrláková aj,
B. Vulpescu bl, A. Vyushin ck, B. Wagner p, V. Wagner ai, R. Wan e, D. Wang e, Y. Wang e, M. Wang e,
Y. Wang cf, K. Watanabe dk, M. Weber dg, J.P. Wessels ae,bc, U. Westerhoff bc, J. Wiechula dl, J. Wikne s,
M. Wilde bc, A. Wilk bc, G. Wilk bs, M.C.S. Williams cq, B. Windelband cf, L. Xaplanteris Karampatsos db,
C.G. Yaldo dp, Y. Yamaguchi dj, H. Yang l,at, S. Yang p, S. Yasnopolskiy cl, J. Yi ch, Z. Yin e, I.-K. Yoo ch,
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J. Yoon dt, W. Yu ba, X. Yuan e, I. Yushmanov cl, V. Zaccolo bu, C. Zach ai, C. Zampolli cq, S. Zaporozhets bh,
A. Zarochentsev dn, P. Závada ax, N. Zaviyalov ck, H. Zbroszczyk do, P. Zelnicek az, I.S. Zgura ay, M. Zhalov by,
H. Zhang e, X. Zhang bl,e, D. Zhou e, F. Zhou e, Y. Zhou at, J. Zhu e, J. Zhu e, X. Zhu e, H. Zhu e, A. Zichichi u,j,
A. Zimmermann cf, G. Zinovjev b, Y. Zoccarato df, M. Zynovyev b, M. Zyzak ba
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